The three primary capsid proteins (A, B, and C) of adeno-associated viruses have been shown previously to contain overlapping amino acid sequences (R. McPherson and J. Rose, J. Virol. 46:523-529, 1983). In the present study we demonstrate definitively that these proteins are encoded in the right half of the adenoassociated virus 2 genome, and one or both of the smallest adeno-associated RNA species (2.3-or 2.6-kilobase RNA) account for their synthesis. Protein A (90 kilodaltons) apparently initiates from a site within the intervening sequence, which is intact in the larger (unspliced) 2.6-kilobase mRNA, and may read through one or more termination codons, including a strong stop signal (UAA) that lies 31 bases downstream from the end of the intervening sequence. Proteins B (72 kilodaltons) and C (60 kilodaltons) are not derived from protein A but apparently originate from independent, in-frame initiations that lie downstream from the splice junction. It thus seems likely that production of the three adeno-associated virus capsid proteins involves at least two mRNA species. The B and C proteins presumably arise from the spliced 2.3-kilobase RNA, whereas protein A should be generated by the 2.6-kilobase RNA or a hitherto unidentified spliced RNA species.
revealed sequence homology among these polypeptides: (i) immunological cross-reactivity (24) and (ii) proteolytic cleavage patterns of the individual proteins (26, 32) . The latter findings indicate an extensive overlap among all the structural polypeptides, most likely encompassing all of polypeptide C, and suggest that each is translated in the same reading frame.
It is well known that AAV RNAs are transcribed from the minus strand only (35) , and in the case of AAV2, three unspliced and three spliced RNAs have been identified (28) .
The 5' ends of these RNAs have been located at map coordinates 6, 19, and 39 (17, 27) , whereas in all instances their 3' ends coterminate at map coordinate 96 (18, 38 (28) . Most abundant in adenovirus-plus-AAV-coinfected cells is the spliced 2.3-kb species (18, 28) .
In the present study we demonstrate definitively that the A, B, and C polypeptides are encoded in the right half of the AAV genome and that they can be generated from the smallest RNA species whose synthesis is initiated by the rightward-most promoter (located at map coordinate 39). This was accomplished by analyzing AAV protein and RNA synthesis after cotransfection of 293-31 cells with cloned segments of AAV DNA plus intact adenovirus DNA to supply necessary helper factors (21) . Furthermore, utilizing the same experimental approach, we provide evidence that the initiation codon for protein A (90 kd) should lie within the intervening sequence contained in the unspliced 2.6-kb RNA * Corresponding author.
and that proteins B (72 kd) and C (60 kd) are not derived from protein A by proteolytic cleavage.
MATERIALS AND METHODS Cells and viruses. The 293-31 cell line (15) was obtained from F. Graham and maintained in Eagle minimal essential medium no. 2 with 15% fetal calf serum. Cells between passage 45 and 65 were used for all experiments. Adenovirus types 2 and 5, and AAV2 were produced in KB cells as previously described (35) .
Preparation of viral and plasmid DNA. Adenovirus and AAV DNA were isolated from three times cesium chloridebanded virus as previously described (21 (16) , followed at 4 h with a 20% glycerol boost (11 Fig. 1A) , and it has been suggested that the three capsid polypeptides are specified by the smallest message, the 2.3-kb spliced RNA (22) . To show definitively that the three capsid proteins arise from the right half of the genome and to help determine their locations and mechanism of production, several AAV2 DNA clones were constructed (Fig. 1B) (28) . Three promoters initiate transcription at map coordinates 6, 9, and 39 (17, 27) , generating unspliced RNAs of 4.2, 3.6, and 2.6 kb. A common sequence (between map unit positions 40 and 48) is then excised to produce spliced RNAs of 3.9, 3.3, and 2.3 kb (17) . All RNAs are transcribed from the DNA minus strand (35) and have coterminal 3' ends at map coordinate 96 (18, 38) . Also shown is a restriction endonuclease cleavage map of AAV2 DNA (38) . The sites indicated were used to construct the recombinant plasmids diagrammed in (B) . (B) Diagrammatic representations of recombinant plasmids that contain segments of AAV2 DNA (heavy lines). Map coordinates of the inserted AAV DNA segments are indicated. Plasmids pLH1 and pLH2 were produced by insertion of the fragment BalI-A (map coordinates 3 through 97) in pBR325 in both orientations at the BalI site in the chloroamphenicol gene. These plasmids contain the promoters and coding sequences for all AAV2 proteins. Subclones with various deletions were generated as shown. The sizes of the plasmids are given in kilobase pairs (kbp).
Initially, a large segment of AAV DNA, the BalIA fragment (map coordinates 3 through 97; Fig. 1A ), was cloned in pBR325. This fragment, which contains the promoters and coding sequences necessary for all AAV polypeptides, was cloned in both orientations to generate recombinant plasmids pLH1 and pLH2. The pLH2 plasmid was cleaved with either Sall or BamHI and ligated, and two new plasmids lacking the first two AAV promoters (map coordinates 6 and 19) were isolated. One of these, pLH2B, contains a 22-to 97-map-unit fragment of AAV DNA, whereas the other, pLH2S, contains a 31-to 97-map-unit fragment. The pLH1 plasmid was cleaved with EcoRI and ligated, and two new plasmids were again isolated. The pLH1R5 plasmid contains AAV sequences between 42 and 97 map units and thus lacks all three promoters. The pLH1R6 plasmid contains the same 42-to 97-map-unit fragment but additionally contains a 38-to 42-map-unit fragment. The orientation of this latter fragment is reversed, however, a feature expected to produce a switch in the direction of transcription initiated by the third promoter at map coordinate 39. The pLHlXh3 plasmid was generated by cleaving pLH1 with XhoI. This plasmid contains a 186-base-pair deletion between map coordinates 48 and 52. By analyzing AAV protein and RNA synthesis after transfection of 293-31 cells with these plasmids, it was possible to locate the coding sequences for the A, B, and C polypeptides.
AAV proteins synthesized in cells transfected with cloned segments of the AAV genome. Preliminary transfection experiments clearly established that plasmids pLH1 and pLH2 were able to specify all three AAV capsid polypeptides, but that this activity required helper factors which could be supplied either by preinfection with adenovirus or by cotransfection with intact adenovirus DNA (21; data not shown). Infectious AAV particles were not detectable in these experiments, an indication that terminal sequences are essential for virus replication (37, 39) . In the succeeding experiments the cotransfection technique was used, and transfections were performed with 10 ,ug of adenovirus DNA, 10 p.g of the plasmid DNA being studied, and 20 p.g of carrier DNA (pBR325 DNA). These amounts of DNA produced optimum AAV protein synthesis at the time of cell harvest (24 to 27 h posttransfection; data not shown). Shown in Fig. 2 are the AAV capsid proteins synthesized after transfections with adenovirus DNA plus each of four AAV DNA clones that contain different amounts of coding sequences and various numbers of promoters. Before electrophoresis in this and subsequent experiments, AAV proteins were immunoprecipitated with an antiserum that was specifically directed against only the structural polypeptides. As previously described, pLH2 has three AAV promoters, whereas pLH2S and pLH2B lack the first two (at map coordinates 6 and 19), leaving only one promoter at map coordinate 39. Plasmid pLH1R5 lost all three promoters. As expected, cells transfected with adenovirus DNA alone (lane 2) or pLH1R5 plus adenovirus DNA (lane 3) failed to synthesize AAV proteins, whereas the three capsid polypeptides were synthesized with pLH2 plus adenovirus DNA (lane 6). However, when cotransfected with adenovirus DNA, both pLH2S (lane 4) and pLH2B (lane 5) were also capable of inducing synthesis the three capsid polypeptides. This indicates that the three capsid proteins are encoded by sequences that lie between map coordinates 31 and 97. Furthermore, because the only known AAV promoter in the pLH2S and pLH2B plasmids lies at map coordinate 39, either 2.6-or 2.3-kb RNA, or both (individually or combined), should be capable of producing the three capsid polypeptides. 1 and 7) is unusual, although microheterogeneity of the A and C proteins has been described previously (32 (Fig. 1) . Initial identification of the two XhoI restriction sites (nucleotide positions 2233 and 2419) was based on the AAV2 DNA sequence reported by Srivastava et al. (38) . No other XhoI sites are present in the AAV2 genome, and it should be noted that regeneration of the single XhoI site in pLHlXh3 does not produce any downstream shift in reading frame. The AAV proteins synthesized after transfection with pLHlXh3, as well as with the parent plasmid, are shown in Fig. 3 polypeptides, which remain unaltered, should originate downstream from the deletion (Fig. 1A) . Furthermore, considering the molecular weight of polypeptide A and reports by others which identify only a single splice in AAV mRNA (17, 25; Fig. IA) , the coding sequences for the A polypeptide must essentially occupy the entire right half of the AAV genome.
Additional evidence that polypeptide A arises upstream from map coordinate 48 was obtained with four plasmids, pLHlXh3Ml through 4, constructed as shown in Fig. 4 . Briefly, pLHlXh3 was linearized with XhoI, and the short, single-stranded terminal segments were filled in with T4 DNA polymerase. The blunt ends were then religated with T4 DNA ligase. The consequent addition of 4 base pairs produced a loss of the XhoI site, as well as a shift in reading frame below the ligation site. Thus, if protein A is initiated upstream from the ligation site, an entirely new polypeptide would be specified below it, and this product would probably not be detected by our immunoprecipitation assay. Figure 5 shows the results obtained when cells were transfected with plasmids pLHlXh3A1 through 4 and examined for their ability to synthesize AAV capsid proteins. As in the previous experiment, AAV protein synthesis was not detected with adenovirus DNA transfection alone (lane 2), whereas properly sized A, B, and C proteins were found in cells transfected with pLH1 and adenovirus DNA (lane 3). The truncated A protein is again observed with pLH1Xh3 and adenovirus DNA (lane 4). Transfections with adenovirus DNA and each of the pLHlXh3A1 through 4 series of plasmids, however, failed to yield either a normal-sized A polypeptide or any apparent truncated derivative, whereas in each case the B and C polypeptides were both normally synthesized (lanes 5 through 8). Therefore, aside from supporting the conclusion that polypeptide A is initiated upstream from the proximal XhoI site, the plasmids pLHlXh3A1 through 4 also clearly demonstrate that polypeptides B and C are produced independently of polypeptide A (e.g., are not proteolytic cleavage products of polypeptide A).
Northern blotting analysis of AAV RNA species synthesized in transfected cells. Based on protein synthesis data presented in Fig. 2 , it was deduced that either 2.6-or 2.3-kb AAV RNA, or both, should be capable of producing all the AAV structural proteins. To directly determine the numnber and sizes of AAV RNAs transcribed from the pLH2B and pLH2S plasmids (which contain only the most-rightward promoter), as well as from other subcloned plasmids, RNA was purified from transfected cells at 24 h, glyoxalated, and analyzed by Northern blotting (Fig. 6) 8, respectively) . The reduced amounts of protein B and C in lane 8 may be due to a technical variation. The truncated A polypeptide generated by pLHlXh3 (Fig. 3) is seen once again (lane 4; closed circle).
we have been unable thus far to detect the 3.9-kb spliced derivative of 4.2-kb RNA. RNA from pLH2-transfected cells (lane 3) contains at least four species that correspond to those found in infected cells (3.6-, 3.3-, 2.6-, and 2.3-kb RNAs), whereas the four analogous species produced in pLHlXh3-transfected cells (lane 2) appear slightly smaller due to the 186-base-pair deletion. Although not seen in this experiment, 4.2-kb RNA occasionally can be found in cells transfected with these plasmids. Because the levels of transcripts produced in pLH2B-and pLH2S-transfected cells were less than those observed with the parent plasmid, pLH2, a longer exposure is shown, which demonstrates more clearly that only two AAV RNA species arise from these plasmids (lanes 4 and 5). As expected, their positions correspond to those of the unspliced and spliced species generated by the most-rightward promoter (map coordinate 39). Furthermore, because these are the most abundant AAV transcripts in infected cells (lanes 1 and 8) , they probably account for most, if not all, of the AAV structural proteins. Interestingly, the RNA from cells transfected with pLH1R6 (lane 6) contains a single AAV species which arises from the inverted major promoter and which appears to terminate in a somewhat specific manner in pBR325 sequences. As expected, no AAV transcripts were found in cells transfected with only adenovirus DNA (lane 7). lies upstream from the proximal XhoI cleavge site. Since DNA sequence data do not reveal an in-frame ATG between this site and the 5' start site of the spliced 2.3-kb RNA. the initiation codon for polypeptide A very likely lies within the intron which, according to DNA sequence data. contains three in-frame ATG triplets. The production of polypeptide A could therefore require either (i) an origin in the intron of the unspliced 2.6-kb RNA and a readthrough of up to three termination codons, including a strong stop signal (UAA) that lies 31 bases downstream from the end of the intervening sequence, or (ii) an origin in sequences of the known intron which are retained in a hitherto undetected spliced mRNA species. In the latter case. theoretically. a single splice could ablate all three termination codons while yielding an RNA whose size would be near that of the 2.3-kb RNA component. It should be pointed out that the indicated details of DNA sequence are unlikely to be in error. since two groups have independently published identical sequences for the AAV2 intron and adjacent regions (17. 38) .
With regard to the first mechanism for synthesizing polypeptide A, production of proteins by readthrough of termination codons could occur as the result of suppressor tRNAs or ribosomal frameshifting. Naturally occurring suppressor tRNAs have been well studied in procaryotic systems and are responsible for partial readthrough of UGA stop codons in genes encoded by the bacteriophages Q1 and lambda (10. 20, 42 
DISCUSSION
In this report we demonstrated that all three AAV capsid proteins are encoded in the right half of the viral genome and that transcripts generated by the most-rightward promoter, unspliced (2.6 kb), spliced, (2.3 kb) or both (together or individually), can specify these proteins ( Fig. 2 and 6) . Furthermore, based on results with plasmids that contain XhoI deletions without or with a resultant frameshift (Fig. 3  and 5 (2, 9, 12) . Alternatively, polypeptide A might initiate in a different reading frame and frameshift after bypassing one or more stop codons (1, 4) . It is important to note, however, that polypeptide A is produced by in vitro translation of AAV mRNA in a rabbit reticulocyte lysate (6, 32) , a system which reportedly is unable to suppress UAA termination (12) . This finding lends support to the second proposed mechanism for producing polypeptide A (i.e., a previously undetected spliced RNA species).
Experiments with frameshift plasmids pLH1Xh3A1 through 4 (Fig. 5) (13) . In these cases, however, the overlapping proteins are translated from different reading frames, whereas the AAV proteins B and C would be translated in the same reading frame, a situation similar to that reported for proteins arising from the herpesvirus TK gene (29) .
It is interesting that in studies with the autonomous rodent parvoviruses, H-1 and MVM, nonstructural proteins thus far map to the left half of the viral genome. Rhode (8) . A 24-kd MVM prbtein, which might be analogous to the 24.9-kd nonstructural AAV protein (6) (8, 36, 38) .
The present study indicates that any proteins specified by the left half of the AAV genome would not play a role in regulating proportions of the capsid polypeptides, since absence of the two most-leftward promoters does not materially affect capsid protein proportions in vivo ( Fig. 2 and 6; 6 ). On the other hand, abnormalities of AAV DNA replication were observed when AAV protein synthesis was restricted. The single-stranded progeny DNA component is absent, and there is a striking increase of concatemeric forms, which suggests that an AAV protein(s) is required for accumulating progeny strands and for DNA processing (7, 33 ; E. Sebring, M. Buller, and J. Rose, manuscript in preparation). Although the origin of the DNA processing activity is not yet clearly defined, recent mutagenesis studies (19, 41) , in conjunction with our current mapping data for the A, B, and C proteins, indicate that protein C is primarily responsible for accumulation of single-stranded progeny molecules.
